Abstract-Algae cells with natural advantages of sensing and moving at micro scale can be regarded as microrobots. While it is difficult to control the locomotion or harness the bioenergy of the cells. This study develops a novel algae guiding system to robotize the algae cell Chlamydomonas reinhardtii based on the phototaxis. Algae cells' swimming trajectory, speed and force were analyzed. Furthermore, the algae cell could be controlled to swim back and forth, and traverse a crossroad as microrobot obeying a manmade rule. Finally, we successfully controlled the motile algae cells to transport microscale loads by the algae guiding system. The robotized algae cells were expected to function in micro assembly and bring significant breakthrough in bioactuation.
I. INTRODUCTION
Recently, the development of microrobots faces great opportunities along the progress of microfabrication technologies, but it still has some technical challenges. Miniaturization and integration on-board power sources or actuators capability of high-power-density, lightweight, longlifetime is a long-standing challenge for microrobots. To solve the problems, scientists have paid attention to using biological molecular motor [1] [2] [3] as actuators in microsystems. Biological motors are smaller with size of 10 nm-10 convert chemical energy into mechanical energy more efficiently compared to electrical motors [4, 5] . Biological motors intact in cells have some inherent advantages compared to isolated biological motors. The former not only can avoid the cumbersome process of purification and reconstitution of individual motor proteins, but also the complex sensors and organelles already present in the cells can be considered as "windows" to communicate with the external world. In recent years, the biological cells have been used as actuators to complete assigned tasks. For instance, Sitti et al. used bacteria as actuators to drive microbeads [6, 7] . Then microcubes [8] and liposome [9] have been driven by the random motions of bacteria, but motions of these microorganisms and microstructures driven by them could not be precisely controlled. With respect to random swimming of cells in a liquid, how to precisely control them as microrobots remains a considerable challenge. If we could develop new techniques to control some microorganisms freely, many functions such as cargo delivery, micro assembly, and micro biosensing would be realized.
Chlamydomonas reinhardtii (C. reinhardtii) is a unicellular green alga with two flagella that allow swimming motility. It exhibits phototaxis via light-sensitive "eyespot", and the action spectrum for phototaxis in C. reinhardtii is bimodal, with a maximum response at 503 nm and a secondary peak at 443 nm [10] . At a high intensity of light, cells display negative phototaxis, swimming away from the light source, whereas at a lower intensity, cells display positive phototaxis and swim toward the light source. These unicellular organisms can be seen as microrobots from the view of engineering, which not only have a strong reproductive ability but can also sense the environment, harvest energy from the surroundings, and swim very efficiently, accommodating all these functions in a body of size on the order of dozens of micrometers. In the macroscopic world, humans tame cattle and control them to complete various tasks. In the microcosmic world, taming the algae cells, making them swim according to the wishes of people and do some work to the outside world will have important scientific and practical significance. If it is possible to effectively control the movement of this kind of microorganisms with natural advantages of perception, drive, algae cells can be used in biological chip, biological drive, and micro-nano devices.
In this study, a novel algae guiding system (AGS) was developed to robotize C. reinhardtii based on the phototaxis. Algae cells' swimming trajectory, speed and force were analyzed. The unicellular green alga could be controlled to swim back and forth, and traverse a crossroad as a microrobot obeying specific traffic rules. Furthermore, we successfully controlled the motile algae cells to transport polystyrene (PS) microsphere by algae guiding system.
II. MATERIALS AND METHODS

A. Algae guiding system (AGS) design
The configuration of overall system is illustrated in Fig. 1 . To perform a task, the control inputs will be sent to the workspace of microsystem by operator. The LED light source can be used as external stimuli for biological cells. The motion path of light source can be planned according to the control inputs. C. reinhardtii cells swim in a microfluidic chip placed on sample stage, which can continuously detect changes in the direction of optical stimuli and move away from the light source in a sensitive response to the stimulus. Image-based feedback is supplied to the operator, and therefore, the movement of cells can be adjusted in a timely fashion. Thus, precise movement of algae cells can be realized. The system mainly includes following three parts:
1) The motion control platform The motion control platform with four degrees of freedom can make sure that the LED light can point to any direction in any horizontal plane through several precise stepper motors. This structure provides quick mobility compared with manual stage. We can send instructions to DSP controller through PC to control the motion control platform. Different movement types can be realized with high resolution.
2) Image acquisition and processing system CCD camera is mounted on an upright optical microscope to capture swimming cell images. The images are transmitted to computer by USB and processed by a customized software developed in-house to calculate different types of parameters including the shape, motion, and control parameters. The microscope has adequate optical magnification.
3) Sample stage and LED Sample stage has three orthogonal axes. Observed object (C. reinhardtii) can be easily move to the center of the field of vision. LED with a wavelength of 500 nm is integrated into the motion control platform. The LED is working at 0.3 A and 3 V.
B. Preparation of motile cells and PS beads
Experimental strains were obtained from the Freshwater Algae Culture Collection at the Institute of Hydrobiology (Wuhan, China). C. reinhardtii used in these studies were grown in Tris-acetate-phosphate (TAP) medium at 25°C. The culture was illuminated with a series of fluorescent grow lights with a 12/12-hr light/dark cycle. Cells were grown to a density of 5 × 10 6 cells/ml (Fig. 2) .
PS beads purchased from ChromTech Research Centre (Tianjin, China) were suspended in phosphate buffer, which had
C. Chip design, fabrication and passivating
The microfluidic chip was comprised of PDMS structure and a glass substrate coated with thin PDMS. A schematic illustration of the microfabrication process is shown in Fig. 3 , which included a computer-numerically controlled (CNC) machining process, a PDMS replication process, and a bonding process. C. reinhardtii could rapidly adsorb on glass, polycarbonate. So we coated the glass with thin layer of PDMS by spin-coating process (Fig. 3(e) ). When we pretreated hydrophilic PDMS surfaces with BSA, the problem of cell adsorption could be well solved. Fig. 4 . Real-time movie clips of translationally moving cells were captured and converted to individual frames. The motion of each cell was considered as a 'trajectory', and its movement was traced using customized software developed in-house. Self-rotating cells were avoided in all the quantifications. Fig. 4(a) were the trajectories of freely swimming C. reinhardtii cells, which demonstrated a significant randomly forward motion. In the same experiment environment, the trajectories of C. reinhardtii cells steered by LED with a wavelength of 500 nm were tracked, as shown in Fig. 4(b) . The motion trajectories of the most cells were parallel to the light, which exhibited a better directivity. 
III. RESULTS AND DISCUSSIONS
A. Extracting motion trajectories of C. reinhardtii cells
100 0 × 20× 0.2 mm) in a microfluidic chip placed on sample stage, which afforded a large field of view (200 × 200 tracked the swim paths of C. reinhardtii cells and typical results are shown in
B. Analysing the swimming velocity and propulsive force
The velocities of swimming cells were measured from extracted motion trajectories. A histogram of these velocity data is shown in Fig. 5 . The velocities of swimming C. reinhardtii ce Gaussian to the peak moving velocity avoiding non-motile We also performed a theoretical analysis on the motion of the cells. The swimming of C. reinhardtii requires techniques that are very different from those used by macroscale swimmers. To understand this phenomenon, we turn to the Navier-Stokes equations [11] , which completely define a fluid flow. For a fluid with constant density and constant viscosity , the Navier-Stokes equations are given by following vector equations (4) where x is the position of the cell, m is the cell's mass, d is diameter of the cell, thrust F is propulsive force generated by its flagellum. The first term on the right side represents viscous drag force from the surrounding fluid. When the C. reinhardtii cells swim in an equilibrium state, their thrust force equals the drag force exerted on them. The liquid drag force f can be evaluated as
where v is the velocity of the C. reinhardtii. We assumed that the cell was the form of a sphere with a diameter d of 10 Then we estimated a propulsive force of 10.3 pN according to our velocity measurements. The propulsive force was much higher than bacteria (0.39-0.64 pN) reported by other group [7] . Therefore, the speed of a C. reinhardtii cell is essentially a balance between the propulsive force generated by its flagellum, a reflection of the flexural rigidity, and the drag from the surrounding fluid. In order to test the performance of the microsystem, microfludic chips with simply straight topology have been designed as described in chip design and fabrication part. A swarm of C. reinhardtii cells could be controlled to swim back and forth by AGS. When the LED was opened placed on the right hand of the channel, the cells moved away from the light direction shown in Figs. 6(a)-6(c). If LED position was changed to the left hand of the channel controlled by AGS, the direction of light was opposite, the cells changed its direction correspondingly, as shown in Figs. 6(d)-6(f) . Thus LED position could be changed alternately, in response, the cells swam back and forth within a region of the microfluidic channel. The response time of the cells was less than 1.8 s in our system, which could be reduced further by using stepper motor with much higher precision.
C. C. reinhardtii Cell movement control
After preliminary verification of microsystem performance, complex motion control of the C. reinhardtii cell will be carried out. Here, it's interesting to observe the C. reinhardtii cell traverse a crossroad under control of AGS. When the cell traversed a crossroad, we can control the cell to go through all the channels in turn as a microrobot, and obey the specific traffic rules. Here, we made a traffic rule of "turning right" for the cell. Cell started from position 1 ( Fig. 7(a) ), which would move to the intersection under the control of LED pointed from position 1 to 3 ( Fig. 7(b) ). Then the LED moved to position 2 controlled by AGS. Cell turned right, and moved to position 4 ( Fig. 7(c) ). The LED moved to position 4, cell gave a response to move from position 4 to the intersection (Fig. 7(d) ). The LED transferred to position 1 by motion control platform, the cell can turn right again, and moved from intersection to position 3 ( Fig. 7(e) ). Thus, the cell can be controlled to always turn right, go through all the channels in turn, and return to its initial position, as shown in Fig. 7 .
D. C. reinhardtii Cells to move microscale loads
C. reinhardtii cells solution, and PS beads and cells were incubated for 0.5 hour. Some PS beads could blind to the cells by means of non-specific binding. Then co-incubated PS beads and cells solution were injected into microfluidic chip. The movement of PS bead by cell was realized, as shown in Fig 8. Initially, the cell-bead swam in random direction without optical input. We could design a reasonable movement of LED, which steered single cell completing reciprocation movement. Thus, PS bead could be transferred by the C. reinhardtii cell from one end to another end of the channel, as shown in Figs. 8(a)-8(f). 
IV. CONCLUSION
In this study, a novel algae guiding system (AGS) was developed to robotize algae cells C. reinhardtii based on the phototaxis. The swimming trajectories of cells in the fabricated microfluidic chip were tracked using customized software in the presence and absence of light. Cells showed a significantly random and forward motion in the absence of light, and the motion trajectories of most cells were parallel to the light in the presence of light, which exhibited better directivity. Then C. reinhardtii cells' speed and force were analyzed in detail. The unicellular green alga could be controlled to swim back and forth, and traverse a crossroad as microrobot obeying manmade rule. Furthermore, we successfully controlled the motile algae cell to transport polystyrene (PS) microsphere by AGS. This study provides a feasible approach to robotize algae cells, which can be used to perform micro assembly tasks and transport and deliver cargo. The study findings are expected to bring significant breakthrough in biological drives and new bio-energy applications.
